The importance of erythropoietin as a regulator of erythropoiesis is undeniable, but that it is the sole regulator is controversial. Fried, Plzak, Jacobson, and Goldwasser (1) proposed a simple, unified concept for the regulation of red cell production. They suggested that the relationship of oxygen supply to demand governs the production of erythropoietin, which, in turn, through differentiation of the stem cells controls red cell production. An increased cell mass, e.g., through transfusion, in the presence of a normal Po2 would decrease erythropoietin production and erythropoiesis by increasing the oxygen supply. Conversely, anemia by decreasing the 02 supply would stimulate erythropoietin production. Changes in metabolic rate, e.g., starvation, would affect erythropoietin production and, hence, erythropoiesis by changes in 0°demand. As attractive as this hypothesis is, it does not appear to offer a satisfactory explanation for compensated hemolytic states (2) , continued production of substantial numbers of red cells, although fewer than normal, in the polycythemic dog (3), or the stimulating effect of hemoglobin recently reported by Brown, Altschuler, and Cooper (4) and Sanchez-Medal, Labardini, and Loria (5).
Jacobson, Goldwasser, Fried, and Plzak proposed the kidney as the site of production of erythropoietin (6). This conclusion was based on the striking decrease in erythropoiesis observed after bilateral nephrectomy but not ureteral ligation in the rodent. Similiar findings were reported by Naets in the dog (7), but Nathan, Schupak, Stohlman, and Merrill (8) observed substantially less suppression of red cell production in anephric * Submitted for publication May 18, 1964 ; accepted July 20, 1964. Supported by grants HE-07542 and HTS-5600 from the National Heart Institute.
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man. The general experience is that erythropoietin cannot be demonstrated in the plasma of nephrectomized animals after the administration of cobalt, bleeding, or hypoxia (9) , but the renoprival rodent and dog respond to erythropoietin. Mirand, Prentice, and Slaunwhite, however, reported substantial erythropoietin in the plasma of nephrectomized animals exposed to hypoxia (10) . In these studies the hypophysectomized animal was used for assay; this type of assay animal may be influenced by substances other than erythropoietin. (14) . Polycythemia induced by hypertransfusion of the pregnant rat suppresses maternal but not fetal erythropoiesis (15) . From this Jacobson, Marks, and Gaston concluded that fetal erythropoiesis operates independently of maternal erythropoiesis. The explanation could be either that the fetus produces erythropoietin, in which case it can be inferred that erythropoietin does not cross the placental barrier to the mother, or that fetal erythropoiesis operates independently of the erythropoietic mechanism. In favor of the latter explanation is that erythropoiesis develops before the functionally intact kidney. It is possible, nevertheless, as Jacobson suggested (15) 20 is similar to that of the normal adult, but there is more skewing to the right, leading to a slightly higher MCV.
tive renal anlage serves as the source of erythropoietin.
The newborn rat passes through a period of intense erythropoiesis in the face of a relatively mild anemia. This together with the possibility that fetal erythropoiesis, as discussed above, may not be governed by erythropoietin suggested the newborn rat as a possible subject for the study of alternative mechanisms for the control of erythropoiesis. The changes in red cell production during the neonatal period and the effect of nephrectomy thereon are the subject of this report. At birth the only differentiated cells in the bone marrow were myeloid. Considerable erythroid activity was present in the liver and in the spleen (Figure 2 ). Within the next 5 days there was an explosive increase in erythropoiesis in the bone marrow, a further increase in erythroid activity of the spleen, but declining red cell production in the liver. The very rapidity of the increase in erythropoiesis led to substantial variation in the estimate of per cent of erythroid cells in the first few days; a few hours' error in estimating the time of birth, when delivery occurred during the night, would result in a substantial difference in the proportion of red cell precursors. Bone marrow erythroid activity was at a maximum on the sixth to eighth days and thereafter declined until the adult differential was achieved between days 40 and 60 ( Figure 2 , Table II ). Splenic erythropoiesis declined more rapidly, reaching adult values by the fortieth day, and hepatic erythropoiesis was not seen after the tenth day.
Methods
The differential counts of the bone marrow are given in Table II itig maternal polycythemia on neonatal erythro-mate controls but within the range seen in other poiesis is given in Table IV . The anticipated de-normals of similar age. crease in maternal erythropoiesis is evident from the reticulocytopenia, erythroid differential, and Discussion absence of erythroid mitoses. The newborn controls had both peripheral blood and bone marrow The early neonatal period of the rat is characvalues similar to those seen in newborns nursing terized by a macrocytic hypochromic anemia. from normal mothers. Litter mates were nephrec-The rate of disappearance of macrocytes, the detomized and sacrificed after 49 or 72 hours. The gree of erythroid hyperplasia, and reticulocytobone marrow differentials and reticulocytes were sis lead to the conclusion that it is a partially comcomparable to the controls; the hematocrits and pensated hemolytic anemia. The anemia is unmitotic indexes were slightly lower than the litter usual in that there is both marked hypochromia and macrocytosis. It is evident that the hypochromia cannot be attributed solely to early release of cells in a stimulated marrow, analogous, e.g., to the mild early hypochromia in animals responding to severe phenylhydrazine-induced anemia. If this were the case, there should be a direct relationship between the degree of reticulocytosis and hypochromia; this was not observed (Table I) . Moreover, if early release were the explanation, the mature (nonreticulated) cells would be normochromic (hemoglobin concentration, 33). To achieve the observed MCHC of 27.7 on day 10 with 29% reticulocytes would require a mean reticulocyte hemoglobin concentration of -15%. A normal distribution of hemoglobin concentration about this mean implies negative values (i.e., less than 0); asymmetrical distribution would imply acceleration of hemoglobin synthesis as the reticulocyte ages and loses its RNA; in either event most, if not all, of the hemoglobin would be formed after reaching the reticulocyte stage. Clearly, these possibilities are untenable, and one must assume that a true hypochromic anemia exists. Jacobson and associates (15) observed that neither anemia nor hypochromia developed when Imferon was given throughout pregnancy, suggesting that hypochromia is due to iron deficiency. If this be the case, then the response of the newborn rat to iron deficiency differs from that seen in adult rats or in human beings where microcytosis rather than macrocytosis invariably develops before hypochromia in the iron-deficient subject (18, 19) . This points to a different regulatory mechanism for erythropoiesis in the newborn rat.
The failure of nephrectomy to alter the rate of erythropoiesis during the neonatal period provides clear evidence that erythropoiesis in the newborn rat is independent of renally produced erythropoietin. The possibility of maternal transfer of erythropoietin through the milk was excluded by studies in which nephrectomized newborns nursed from hypertransfused mothers. Although there is some evidence to suggest extrarenal sites of erythropoietin production in adults, the extent of erythropoietin production by these sources (14) appears inadequate to support erythropoiesis of the magnitude observed in the newborn period. Here the animal must compensate not only for a period of rapid growth but also for a severe hemiolytic process.
The difference in the type of response, i.e., hypochromic macrocytosis in the presence of presumed iron deficiency, and the lack of dependence of erythropoiesis on the kidney, then, clearly indicate regulatory mechanisms other than renally dependent erythropoietin. Is this mechanism sensitive to hypoxia? Although it is not possible to provide a conclusive answer with the data at hand, the erythroid response to a relatively mild degree of anemia would suggest that hypoxia does not play the dominant role. A similar argument has been used to explain the relatively high red cell production in compensated hemolytic syndromes in man (2, 4, 5) .
The mechanism of macrocytosis in the newborn animals, likewise, remains unexplained. In adults it has been postulated and evidence adduced (18, 20) to support the notion that when a critical cytoplasmic hemoglobin concentration (CHC) is reached, a negative feedback is triggered that shuts off nucleic acid synthesis and division. When the rate of hemoglobin synthesis is accelerated, the time required to achieve the critical CHC is shortened. This in the face of a fixed interphase results in skipped terminal divisions and macrocytosis. A decrease in the rate of hemoglobin synthesis permits additional divisions and microcytosis results. This predicts, of course, microcytosis in the presence of hypochromia, which is the case in adults (19, 21) . Perhaps in the newborn the critical hemoglobin concentration for shutoff of division differs from adults. This is open to experimental verification. It should be noted, however, that the above mechanism is predicated on a fixed interphase time that has been demonstrated for adult erythropoiesis (22. 23 ). This may not be the case in the newborn.
The difference in mitotic index of 3 to 5% in the newborn as contrasted with -1 % in the adult indicates a difference in the generation time for erythroid cells in the newborn and further-raises the possibility of a variable interphase. It appears, then, that not only the mechanism of regulation but the kinetics of proliferation of red cells in the newborn rat may differ from the adult.
In the newborn rat erythropoiesis is normoblastic and appears to develop from a primitive syn-cytial type of stem cell similar to that described in fetal hematopoietic tissues of the human (24) . At about the fifteenth day, the numbers of these cells decrease and are no longer present after the fortieth day; instead there are individual cells, which one might classify as reticulum cells. Whether these serve as stem cells in adult life is moot. The change in responsiveness to nephrectomy occurs as these syncytial cells disappear. This in turn raises the question of whether the primitive mesenchymal cell acts as an "ultimate" stem cell with a more "differentiated" stem cell (perhaps a reticulum cell) serving as the immediate precursor, which in adult life is responsive to erythropoietin.
The changes in erythropoiesis in the newborn rat are not analogous to those seen in newborn human beings. In man the newborn period is associated with a relative marrow hypoplasia as the hemoglobin decreases from polycythemic values seen at birth to the normal values seen by 3 months. The relative marrow hypoplasia does not reflect relative polycythemia alone. In erythroblastotic infants, who are not exchange transfused, the marrow does not respond to the anticipated degree in the face of severe anemia of 6 to 8 g (25) . This may reflect a time lag in the changeover from fetal to adult erythropoiesis. Macrocytosis, although present, is minimal compared to that in the rat. The degree of macrocytosis, however, is a function of maturity in man; the more premature a baby the greater is the degree of macrocytosis (26) . Since the rat is much more immature at birth than man, it might be suggested that neonatal erythropoiesis in the rat is analogous to fetal rather than neonatal erythropoiesis in man. In support of such a view is the fact that in the human embryo at about 5 months the liver has primarily erythropoiesis and the marrow has leukopoiesis; later the marrow begins to support hematopoiesis entirely (25) . Not only does an analogous situation obtain during the first week of life in the rat, but the morphology of the "stem cell" and the degree of macrocytosis at this stage of human fetal development are similar to those seen in the newborn rat (24) . If so, then a "fetal" type of cell production might be anticipated in the rat even after birth with the production of fetal rather than adult type hemoglobin. Thus, different structural loci for hemoglobin synthesis and regulation of nucleic acid synthesis and division might be anticipated. This could provide a tentative explanation for the difference in red cell production between adult and newborn.
Summary
Normal newborn rats have a hemolytic anemia characterized by hypochromic macrocytosis. The hemolysis, although substantial, is largely compensated for by intense erythropoiesis so that the anemia itself is relatively mild. The character of the erythropoietic response, i.e., production of hypochromic macrocytic cells, and the high mitotic index suggest that red cell production is governed by a different mechanism than in adults. Further support for this thesis was provided by studies on nephrectomized newborns. Nephrectomy did not importantly affect erythropoiesis during the first 20 days of life. Transfer of maternal erythropoietin through the milk was excluded by suppressing maternal erythropoietin production by hypertransfusion.
We conclude that red cell production in the newborn rat operates independently of renally produced erythropoietin. It is further suggested that red cell production in the newborn rat is analogous to fetal erythropoiesis in human beings.
